Abstract. The mixed sensitivity design method for multivariable linear control systems proposed in the companion paper (Kwakernaak, 2001 ) is applied to the design of a stability augmentation system for the longitudinal motion of a fighter airplane previously studied by . Both H ∞ and 2 H mixed sensitivity design are considered. They lead to quite similar results.
INTRODUCTION
In this paper the H ∞ and 2 H mixed sensitivity design methods of the companion paper (Kwakernaak, 2001 ) are applied to the design of a system for the control of the longitudinal dynamics of a fighter aircraft .
DESCRIPTION
Safonov and Chiang . discuss the design of a stability augmentation system for the longitudinal motion of a fighter aircraft. Trimmed at 25000 ft and 0.9 Mach the longitudinal dynamics are unstable with two right-half plane phugoid modes. In state space form the dynamics may be modeled as The two input variables are the input of the elevon and canard actuators, respectively. The two output variables successively are the angle of attack and the attitude angle. The state variables are the forward speed, angle of attack, pitch rate, attitude angle, actuator no. 1, and actuator no. 2.
The design specifications are not very comprehensive and consist of (1) −40 dB/dec roll-off of the singular value of the complementary sensitivity function T and at least −20 dB at 100 rad/s.
(2) Minimization of the sensitivity function S as much as possible.
Exploratory analysis
The open-loop plant transfer matrix is 2 2 × , with poles at 0.6899 0.2484 j ± , −5.6757, −0.2580, −30.00, and −30.00. The first pole pair represents the unstable phugoid mode. The two poles at −30.00 derive from the actuator dynamics. The plant has a single zero at −0.0209. The open-loop plant zero at −0.0209 does not constitute a special design handicap.
ROBUST CONTROL TOOLBOX H ∞ DESIGN
The H ∞ design approach presented by consists of maximizing the value of γ such that Comparison with the standard mixed sensitivity criterion shows that the shaping matrix V is the identity matrix. As a result, the polynomial matrix M equals the denominator matrix D of the plant (see the companion paper for the notation). 
The compensator pole at -0.0209 corresponds to the open-loop plant zero. This pole-zero pair cancels between the compensator and the plant, which is why the zero also appears as a closed-loop pole.
The compensator zeros at -5.676 and -0.2580, -30 and -30 correspond to open-loop poles. These polezero pairs also cancel between the compensator and the plant and thus appear as closed-poles.
The singular value plots of the sensitivity functions S and T are displayed in Fig. 4 . Fig. 5 shows the step responses corresponding to the entries of the matrix T .
Assessment Fig. 4 shows that the singular value of the complementary sensitivity function satisfies the design specifications. The singular values of the sensitivity functions S and T peak at 2.6 dB and 1.1 dB, respectively.
As seen in Fig. 5 The open-loop pole pair at 0.6899 0.2484 j ± and closed-loop pair at 0.6899 0.2484 j −± result in allpass factor in the closed-loop sensitivity functions. This factor limits the effective bandwidth although it hardly shows in the magnitude plots of the sensitivity functions.
H ∞ MIXED SENSITIVITY DESIGN
The results discussed in the preceding section show that if the shaping filter V is not introduced in the mixed sensitivity criterion then the resulting design has a serious handicap. Stable open-loop poles are canceled against compensator zeros, and unstable open-loop poles reappear at their mirror images as closed-loop poles. If the latter closed-loop poles are located inside a semi-circle in the left-half plane with center at the origin and radius equals to the desired bandwidth then they effectively reduce the bandwidth.
The mixed sensitivity approach described in the companion paper allows removing this handicap by partial pole assignment. The offending p oles are simply moved to locations outside the semi-circle. We use the disturbance modeling technique d escribed in the companion paper to do this. A sensible strategy to determine the parameter α is to consider the root loci of M as α varies. Before we can do this we need to choose the parameters 1 τ and 2 τ in the weighting function (1). After some experimenting 12 1/20 τ=τ= turned out to be suitable values. Using the Polynomial Toolbox for MATLAB it may be found that as α increases from 0 the root loci of M start at 0, 0, 0.6899 0.2484 j −± . Asympotically, two of the roots go to 20 − while the two remaining roots approach infinity. 
Choice of V

The weighting matrix 2 W
We still need to choose the weighting matrix 2 W . V is biproper. If 2 W is a constant matrix then we may therefore expect the compensator transfer function and, hence, also the sensitivity function U, to have zero high-frequency roll-off. As a consequence, T has the required roll-off of 40 dB/decade (because the plant roll-off is 40 dB/decade). To improve this to a possible 60 dB/decade, we let 11 2 22
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The constants 1 c and 2 c are overall weighting factors. The time constants 1 r and 2 r control the highfrequency roll-off of K, U and T.
Computation
Because the weighting function 2 W may be nonproper we write it as 2221 ()() o WsWWs = where
By further block diagram substitution we convert the configuration of Fig. 1 H mixed sensitivity design that is based on the dominant pole placement a pproach outlined in the companion paper. Similarly to the H ∞ approach we augment the plant as in Fig. 2 W according to (5)-(6) and serve to control the high-frequency characteristics of the design. For the purposes of pole placement we use the noise model (2) for the plant. The gains 1 G and 2 G are to be chosen so that the observer poles assume suitable dominant positions.
Assume that the augmented plant of Fig. 2 (1, 1) (1, 2) (2, 2) (2, 1)
Step Fig. 5 Step responses of T
